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ABSTRACT

Demixing phenomena ithe aqueous solutions of the orgamwolecules are
considered in view ofhe temperaturenduced structural changes thie water-solute
clusters. The iain types of the clusters are discerned on tability to beembedded
in the network of the watdrydrogen bonds. It was found that the concentration of
the water-like clusterachievesmaximum atsome temperature. The lower and upper
critical solution pointsare attributed to the appearance of  sotostical’
concentration of the water-like clusters. In accordance thithmodel ofdemixing
both the lower and upparitical pointsare driven by hydrogen bonding and the
immiscibility gap extends upon strengthening of the hydrogen bonds betveten
and solute molecules.

Thisapproach isapplied tothe analysis ofthe denxing phenomena ithe aqueous
solutions of tetrahydrofuran.Experimentally bserved changes of the lower and
upper critical solutiontemperatures upon deuteration of water or tetrahydrofuran
molecules, addition of salts aveell reproduced in the framework of the proposed

model .
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liquid-liquid phase separation.



1. INTRODUCTION

The temperature inducddjuid-liquid phase separation are the result of the
competition between energetic and entropy factors. Increasing temperaturerad gen
case promotesixing of the two phases due to thgrowth of thepositional entropy,
therefore thephenomenon othe uppercritical solution point(UCSP) is not
surprising. The lower critical solution poift CSP) corresponds to thphase
separation with increasingemperature andnay be understoodonly taking into
account some microscopitetails ofthe liquid structure.This phenomenon was
attributed to theeffect ofthe highly directional bondgfor example, hydrogen bonds,
H-bonds) betweenunlike molecules ofthe mixture [1,2]. Increasing of the
orientational entropy due to the breakdown of the H-bafide/s the homogeneous
mixture to separate ortwo coexisting phases with decreasing tbe positional
entropy.This explanatiortconnects appearance of the LCSP \eitistence othe two
possible kinds othe pair interactions betweemlike molecules: wittH-bond (1H)
and without H-bondOH). The concentration of 1Hair clusters decreases whereas
concentration of the OH clusterscreases with temperature duethe differences in
the energies and orientational specifities tbése states. Suadlflependenciesnean
breakdown of the H-bonds with temperature. thsiously, that in this model lower
critical solutiontemperature Tincreases witlthe strengthening of H-bonds whereas
upper critical solution temperaturg i§ not sensitive to the variations of the H-bonds.
Therefore, some perturbationshich influencemainly onthese H-bonds (such as
deuteration or addition of salts), mwestsentially influence first odll onthe T , at
least the sensitivities of the dnd T, to theperturbations must be differesince these

critical points have differenteasons. Besides, strengthening of the H-bondst



result in theshrinkage ofthe immiscibility gap,which spreads between Tand T, ,
due to the increasing of the T

The experimentally oberved changes of theitical solutiontemperatures upon
perturbations contradict to these predictions ofetkisting model of demixing. For
example, inmany solutions with hydrogen bondindpe T, and T, havethe similar
sensitivities to suclperturbations, as presence of the electron donating substituent
groups in solutemolecule, addition of saltsgeuteration, pressure [3,4]. It is
important, that strengthening of the H-bonds betwadike moleculesiue to these
perturbations is accompanied Hye extension of thémmiscibility gap, in direct
contradiction to the predictions of thexisting model of demixing. These
contradictions indicate on theecessity to findnore reasonablenechanisms of the

demixing processes in the aqueous solutions.
2. MODEL

Two-states presentation of the interaction betwedike molecules irthe existing
model of demixing[1,2] is oversimplificated approach for mixturescontaining
molecules, able to forrmore than one H-bond (water, alhol, etc.). Theclustering
processes in solution anet taken into accounisually inlattice models [5], although
they are of greaimportance for thdiquids with H-bonds. Onthe otherhand it is
difficult now to take into account correctiye details ofthe hydrogerbonding and
clustering processes in thvonte Carlosimulations ofthe phasesquilibrium [6]. So,
another approach in thenalysis ofthe denking phenomena ithe mixtures with H-
bonds is necessary.

The closed-loop phase diagrams, temperature vs concentration, of the solutions of

the organianolecules irthe strongly associated solvents, such as watsnally have



the shape close to quadrangle.nieans thatthe concentrations of the solute
molecules irthe coexisting phaseare rather stable with temperature: there are 1 - 4
water moleculesper one organienolecule in organic-rich phase, and a few dozens
water molecules inthe water-rich phase. These phasesy beconsidered as two
mixtures with different structures. In particular, in the aqueous solution of
tetrahydrofuran (THF) there iapproximatelyone watermolecule per one THF
molecule in organic-rich phase atidere are 11 watemoleculesper one THF
molecule in water-rich phase [Note, that thestoichiometry of the water-richhase
may beconsidered aslisplay of the stoichiometry of thesolid clathrate hydrate
(H,O),7 THF [8].

Consideration of thpossible liquidstructures should b&tartedfrom the analysis
of the hydrogerbonding betweennlike molecules. In generahse the solute-solvent
clusters of different compositionsay berealized. From the point ofiew of the
solution structuréwo characteristics of the clusters are important: its interaetitin
surrounding moleculeglusters) and their concentratidfor thestrongly associated
liquids with H-bonds the interaction of the cluster with surroundingdei®rmined
mainly byits ability to form H-bonds and so different kinds of these clusters prefer
solvent-like or solute-like phase of the mixtuse, all possible solute-solvent clusters
must be sorted over this parameter. In general case increase of the number of H-bonds
inside the cluster results in th@wvering of its energy and entroggctor and in the
lowering of itsability to form H-bonds with surroundings. The concentrations of the
different kinds of clusters change witbmperature irdifferent manner and it may
provoke structurathanges of the solutiomcludingits separation otwo phases. At

first approximation only pair solute-solvent clusters may be considered.



Manyorganic molecules contaimore than ondwydrophilic center. Inthis case
pair clusters with two H-bonds (2H) between single water single solutenolecules
must be considered parallel with OH and ditisters. Due to theigh directionality of
the H-bondsnpumber ofthe possible pair configurations decreasesthm sequence:
OH > 1H > 2H, whereas the averageergies othe clusters decrease in tkame
sequence. As a result concentration of the 2H clusters decreases with temperature,
concentration of the OH clustarereases with temperature, and concentration of the
1H clusters achieves maximum at some temperature.

The 1H pair cluster correspond to the bettabedding othe solutemolecule in
liquid water incomparison with the OH and 2H clusters andy beconsidered as
water-like cluster. Itmeans thatvatermoleculesaround the 1H cluster are associated
stronger, than around OH and 2H clusters. We suppose, that 1H clusters promote
existence othe water-rich phase of the solution.dther wordssolution separates
on water-rich and organic-rich phases if concentratigmoPthe 1H clustersxeeeds
some “critical” value P. The equality i = P. takesplace atboth lower and upper
critical solutiontemperatures. Itneans thathe bothcritical temperatures ardriven
by hydrogen bonding between water and solute molecules.

The temperature dependence of the concentration diftbent pair clusters may
be obtained fronthe calculations ofthe possiblewater-solute pair configurations
using the method of atom-atom potentiailghich allows totake into accounfine
details ofthe hydrogen bonding. lorder toobtain the absolutealues ofthe critical
solution temperaturesvo fitting parameters must be usedtle proposed approach:
the value of the critical concentration P (“statistical” fitting parameter) and the

highest possible energy tifie pair configuration UJ(“energetic” fitting parameter,



which corresponds to theffect ofthe surroundings on the pair cluster)aliows to
compareexperimentally oberved phase behavior thfe aqueous solutions with the
results of calculations.

The changes of theritical solutiontemperatures of the aqueous solutions of
pyridines with deuteration of waterembedding ofthe alkyl-substituents in the
pyridine molecule, addition ofalt, arewell reproduced in the framework of the
proposedmodel [4]. In the present paper the changes of thmigical solution
temperatures of the aqueous solutions of THF upon such perturbations, as deuteration

of water, deuteration of THF, addition of salts, are analyzed.
3. RESULTS

The energies of more than®1fair configurations THF + ¥ were calculated
usingthe method of atom-atom potentials. The potentials of the form (expa@HL)
the set of parametefsom [4] were used fonon-bonding interactions. Thepecial
potentials for H-bonds of thtorm (10-12-1) were used. Thieitial parameters of
these potentials were chosen as £J-3.0kcal/mol; R = 1.9 A for stronger O-H...O
bonds and ) = -1.5kcal/mol; R = 2.4 A for weaker C-H...O bonds. THestance in
2.7 A was chosen as “critical” for H-bonds distance between proton ant its acceptor.

The obtained energetic distributions of id, 1H and 2H pair clusters are

presented in Fig.1. The corresponding dependence of the concentrations of these
clusters on temperature are presented in Fig..2. Thiedt concentration of the 1H
clusters R is shown by horizontaline. The lower and uppecritical solution
temperatures correspond to the intersectionthisfline withthe concentratiottine

for



1H clusters. In order thit experimentally oberved criticatemperatures of the THF -
H,O mixture[7] the “aitical” concentration Pwasfixed at33.9% and parameter.U
at -0.32 kcal/mol.

The deuteration gfroton donomolecule leads tdhe slight elongation of H-
bonds [9]. Itmay besimulated inour calculations bysmallincrease othe parameter
Ro in the potential of the corresponding H-bond. dmder to reproduce
experimentally oberved extension of theamiscibility gap upon deuteration of water
[7] it was necessary to increase parametgirRhe potential for O-H...O bonds on
0.004 A (Fig.3,a)assuming linear changestbe R with the fraction oheavywater
in total water.

The deuteration of THFmolecules leads tdahe unusual shrinkage of the
immiscibility gap [7]. This effect was reproduced in our calculations by increase of the
corresponding parameter R the potential for C-H...O bonds on 0.005 A (Fig.3,b),
assuming linear changes thie R, with the fraction of deuterons total number of
deuterons and protons of the THF molecules in solution.

The addition of salts changessentially criticakolution temperatures of the
agueous solutions [3]. The decrease of thevds observed for the set of thalts,
containing anions Cl [7]. These anionsct as strong proton acceptasd their
effect is spreadedver some region of the solution due to tioflective character of
H-bonds in water. As was obtained by NMRestigations [7], presence tife salt
KCI in the agueous solution of the TH#ads tothe increase othe activatiorenergy
of the reorientational motion of the THRoleculewithout noticeable changes for
water maecules. It evidences th#tte H-bonds between watand THF molecules

strengthen due to the presenceanions Cl Therefore, addition of thanions Cl



may besimulated inour model by increase dahe parameter §Jin the potential for

the O-H...O bond. Theritical line was calculateéssuming linear dependence of the
U, on the*mole” fraction X of CI anions from 0 to 4*18 (Fig.4). The deviation of
the calculated curve from experimental pojiifswe attribute to thevorsening of the
linear correlation between dJand X when fraction of salt increases. As can be seen
from Fig.4, the effect of the cations on theeritical solution temperatures s
insignificant in comparison with the effect of the anions.

So,the experimentally oberved changes of thegitical solutiontemperatures of
the aqueous solutions of THF] upon deuteration of water, deuteration of THF
molecules, addition of salts, aweell reproduced in the framework of the proposed
model of demixingThe value othefitting parameter Yfor the aqueous solutions of
THF (-0.32kcal/mol) practically coincides witthe value, obtained fothe aqueous
solutions of pyridines(-0.34 kcal/mol [4]). It displays similar effect of the
surroundings on the water-solute clusters in both cases. The obtaioedof the
parameter P for the aqueous solutions of TH83.9%) is lower ircomparison with
the aqueous solutions gyridines (42% [4]), that displays the lower critical

concentration of the solute molecules in latter case [3,7].
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FIGURE CAPTIONS



Fig. 1. Energetic distributions of tiH, 1Hand 2H pair clusters THF +,8. N -
number of the clusters, U - energy of the cluster.

Fig. 2. Temperature dependence of the concentrations P of the clistelrkl and
2H, obtainedrom the energetic distributions, presented at Fig.lis Fhe “critical’
concentration of 1H clusters; Tand T, are the lower and upperitical solution
points.

Fig. 3. a) Calculated dependence ofc¢hecal solution temperatures Tand T, on
the parameter Rin the potential for O-H...O bondsExperimental critical
temperatures [7] for theolutions THF + HO and THF + RO are shown by open
and solid circles, respectively.

b) Calculated dependence of thatical solutiontemperatures Tand T, on the
parameter Rin the potential for C-H...O bondExperimental criticatemperatures
[7] areshown for the solutions: THRsR D,O (circles), THF-kd, + DO (squares),
75% THF-d + 25% THF-R (triangle). The cross corresponds to Yadue of R,
estimated for the THFzd which is miscible in RO.

Fig. 4. Calculated dependence of thiéical solution temperatures Tand T, on the
mole fraction ofthe anions Cl in the solution THF-h+ D,O. Experimental critical
temperatures [7] arshown for the solution without salsolid circles) , with salts
NaCl, Kcl, RbClI, CsClopen circles), with salfaCl (solid squares) andlICl; (open

squares).
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Editor's Note

The x-axis label above should read:
                             R_0 , A

as on the next figure.
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